Laser-induced fluorescence (LIF) spectroscopy can provide nondestructive, qualitative analysis of protein-based binding media found in artworks. Fluorescence emissions from proteins in egg yolk and egg white are due to autofluorescent aromatic amino acids as well as other native and age-related fluorophores, but the potential of fluorescence spectroscopy for the differentiation between binding media is dependent on the choice of a suitable excitation wavelength and limited by problems in interpretation. However, a better understanding of emission spectra associated with LIF can be achieved following comparisons with total emission fluorescence spectra where a series of consecutive emission spectra are recorded over a specific range. Results using nanosecond UV laser sources for LIF of egg-based binding media are presented which are rationalised following comparisons with total emission spectra. Specifically, fluorescence is assigned to tryptophan and oxidation products of amino acids; in the case of egg yolk, fatty-acid polymerisation and age-related degradation products account for the formation of fluorophores.
INTRODUCTION
The analysis and understanding of painting materials is central to conservation, and often requires determination of the binding medium. Paintings often consist of multiple layers of pigments, colourants, and dyes which are typically dispersed in a matrix (binding medium) applied over a substrate and are often coated (varnished). Protein-based materials including egg white and egg yolk have traditionally been used as binding media and in conservation treatments; their identification can be critical for conservation, is of art historical interest, and is a challenge to the conservation scientist. However, analysis of proteins and other binding media typically involves taking samples so that characterisation using noninvasive methods is clearly advantageous due to the limitations associated with sampling of paintings. Recent advances in laser-induced fluorescence (LIF) spectroscopy have demonstrated a potential alternative nondestructive, qualitative means of investigating and analysing materials found in works of art; the interpretation of LIF spectra aided by information from total emission spectra is the focus of this article.
Fluorescence spectroscopy is widely applied for protein analysis in many fields, due to intrinsic fluorescence from aromatic amino acids tryptophan, tyrosine, and phenylalanine [1, 2] . Especially sensitive to changes in the structure and environment, fluorescence emissions of amino acids are often used to follow dynamic reactions of known molecules in solution rather than for the identification of specific materials or proteins. In addition to amino acid fluorescence, a large range of fluorescent degradation products from aged proteins have been identified [3] . These include both photooxidation products from the combination and modifications of amino acids and cross-linkage reactions between amino acids and other compounds (e.g., sugars). For instance, the formation of dityrosine, which can occur both at the ortho-and para-positions, has been documented both with free amino acids [4] and in solid protein films [5] .
However, fluorescence spectroscopy, including LIF, has not had widespread applications in the analysis of paintings, 2 Laser Chemistry and specifically binding media. Initial research using spectrofluorimetry on artists' materials focused on the fluorescence of films of oil-based media [6] as well as on pigments bound in various media [7, 8] . Investigations of LIF for the analysis of protein-based binding media have been limited to few instances; for example, LIF has been used as a monitoring tool for the laser cleaning of egg tempera [9] .
One problematic aspect of fluorescence analysis of proteins, especially in mixtures, is the interpretation of fluorescence spectra. This is due to characteristically broad signals found with macromolecular fluorescence, and to the lack of investigations of the fluorescence properties of complex mixtures of the proteins found in works of art. Fluorescence databases or standards of binding media are not available, and single excitation spectra alone do not always provide sufficient diagnostic information for the determination of the origin of protein-based films. However, studies on analogous samples of proteins from food have demonstrated the potential of total emission spectroscopy for discrimination between complex multiple protein [10] and multiple oil-based systems [11] . Total emission spectroscopy, although more time-consuming to record than a single emission spectrum, can provide more complete information, especially regarding the presence of fluorophores, their wavelength dependence, their emission and excitation maxima, and the relationship between multiple fluorophores.
The aim of this work is to investigate the potential of total emission spectroscopy combined with LIF for the assessment of the fluorophores present in egg white and egg yolk films.
EXPERIMENTAL
Following investigations of LIF to identify and discriminate among protein samples of binding media found in works of art using various excitation sources [2] , further analysis of films of egg-based binding media was carried using total emission spectroscopy. Although the major proteinaceous components of both egg yolk and egg white are the same (ovalbumin and lysozyme), egg yolk also contains significant fatty acids (including palmitic and oleic acid).
METHODOLOGY AND METHODS
Egg white and egg yolk used as binding media were prepared as indicated in artists' accounts and historical recipes [12] . Egg white was beaten to form stiff peaks and left for 24 hours; foam was skimmed and removed and a solution of 50% w/w clear egg white in nanopure water was prepared. Egg yolk was extracted from egg by piercing the yolk and allowing the liquid to drip from the encasing film; the yolk was diluted in nanopure water to give a 50% w/w emulsion. Films of proteins were cast on polished fused silica disks to give film thickness of approximately 15 μm (perthometer S5P profilometer) and were examined 1 year after their preparation.
Laser-induced fluorescence of films of proteins was recorded using 248 nm excitation from a KrF excimer laser (TUI Laser AG BraggStar 200), 10 ns pulse duration. A max- imum of 500 pulses at a fluence 5 mJcm −2 per pulse with a spot size 1 × 1 mm was used when recording spectra. Spectra were also recorded using the 3rd harmonic (355 nm) of a Q-switched Nd : YAG (Spectron Laser Systems), 10 ns pulse duration, a maximum of 300 pulses, and fluence 5 mJcm per pulse. LIF emission was collected using a fibre-optic placed at approximately 60
• to the sample axis coupled to an Ocean Optics HD4000 spectrophotometer with approximately 0.13 nm resolution. In addition, films were analysed using a scanning spectrofluorimeter with excitation provided by a Xenon arc lamp (Jobin-Yvon/Horiba Fluoromax-P). Typical scanning parameters were integration time of 0.2 s per point, intervals of 1 nm, and excitation/emission slits between 1-5 nm. Films of proteins were analysed at 30
• from the sample-axis. Total emission spectra were constructed by recording a series of excitation spectra with an interval of 5 nm between successive excitation scans and using a resolution of 1 nm emission spectra; scans were recorded with excitation from 220 nm to 400 nm, and first-and second-order Rayleigh scattering was eliminated.
RESULTS AND DISCUSSION
For clarity, results of LIF spectral analysis on model films are presented first, and these are followed by detailed spectrofluorimetric analysis using total emission spectroscopy undertaken to characterise the emission pattern of each mixture.
Laser-induced fluorescence of films
Autofluorescence of proteins seen in LIF spectra of egg white (Figure 1 ) is due to the presence of aromatic amino acids tryptophan, tyrosine, and phenylalanine, which account for fluorescence emissions between approximately 280 nm-380 nm [ Further emissions at wavelengths greater than 380 nm are especially apparent in egg yolk (Figure 1 ). In addition, a strong emission from egg yolk following excitation at 355 nm is observed (Figure 2 ). However, fluorescence at wavelengths greater than 380 nm cannot be ascribed to amino acid side chains.
Total emission spectroscopy
Spectrofluorimetric analysis of samples of egg white films to produce total emission spectra yields significantly different results for egg white and egg yolk, as seen in Figures 3 and 4 .
Examination of total emission spectra immediately allows the location of emission maxima and indicates the presence of multiple fluorophores and the dependence of the emission on excitation. Clear differences in the spectral patterns of egg white and egg yolk are visible; the former is as- sociated with multiple and relatively sharp emissions, and the latter with a single-broad emission. Both media exhibit a maximum emission at approximately 425 nm (excitation maximum at 355 nm), which can be ascribed to the accumulation of photodegration products of egg proteins and other compounds present in the complex mixtures found within eggs.
Degradation can result from photooxidation of amino acids and of other compounds found within eggs (including flavins, free glucose and, lipids (in egg yolk)), or from cross-linkage reactions between amino acids and sugars [13] . While collagen-based materials used in binding media are characterised by fluorophores which develop following the Maillard reaction [14] , uncooked and untreated egg proteins used as binding media, which have been reported to form Maillard reaction products [15] , do not exhibit characteristic fluorescence profiles at 380 nm [2] . Rather, the formation of dityrosine [16] , suggested in the case of photooxidised collagen-based binding media [17] , and tryptophan oxidation products N-formylkynurenine (NFK) and kynurenine (associated with emissions at approximately 435 nm) [18] may further account for observed emissions.
Interpretation of total emission spectra
In the total emission spectra, differences in the shape of the excitation-emission maxima and the contour lines surrounding the maximum suggest the presence of more than one fluorophore, especially in the case of films of egg white, which likely contains oxidised tyrosine (emission maximum at approximately 410 nm). In egg white, other fluorescence emissions observed at 335 nm (excitation maximum at 290 nm) are likely due to native tryptophan; contributions from tyrosine can also be inferred from the emission at approximately 300-320 nm. Importantly, no similar emissions are found in egg yolk films. The assignment of fluorescence to photooxidation products of tyrosine degradation is based on the characteristic excitation spectrum of dityrosine (emission maximum of 410 nm, excitation maxima at 285 and 355 nm) [19] seen in Figure 5 .
Importantly, the assignment of emissions observed in egg proteins to dityrosine and oxidised tryptophan based on florescence data alone can be misleading, due to additional fluorophores which have been documented to fluoresce in the same range [20] . Nonetheless, total emission spectra allow a greater understanding of the fluorphores found in single-wavelength excitation, as in LIF.
Interpretation of LIF spectra
Therefore, a possible interpretation of the LIF spectra of egg yolk (Figure 3 ) is that fluorescence observed at 425 nm is a combination of emission from dityrosine (emission 410 nm), NFK (emission 435 nm), and DOPA (emission at 480 nm), as well as potential contributions from riboflavin (emission between 500-550 nm) [21] and flavin photooxidation products (lumichrome and lumiflavin); fatty-acid polimerisation could result in the production of new flourophores. Additionally, the generation of photooxidation products may be induced by sensitisation of riboflavin by visible radiation, present in both egg white and egg yolk [22] .
CONCLUSIONS
Results demonstrate that LIF can be used to distinguish between proteins in art works, and that emissions have a strong wavelength dependency; the fluorescence "fingerprint" or total emission spectrum can greatly assist the choice of laser wavelength for LIF spectroscopy as well as provide more information regarding the fluorophores present in complex mixtures. In this case, examination of the total emission spectra of egg yolk and egg white immediately allows their separation and provides a useful tool for the interpretation of LIF spectra.
Within the context of organic analysis in conservation, LIF is advantageous as it is a noninvasive, nondestructive, simple, and rapid technique which can be used to distinguish between different proteins, provided a difference in fluorescence is apparent. Due to the identification of multiple fluorophores in the complex protein mixtures found in binding media and seen in total emission spectra, techniques capable of better separating fluorescence contributions would be useful. In addition, changes in the fluorescence emission spectra as a result of ageing should be investigated. Finally, future work should focus on the ageing of protein media, pigmentmedia interactions, and investigations of fluorescence lifetime.
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